Lodged seedlings unfit as transplanters and harvesters are often grown in cabbage cultures. These seedlings cause transplanting and harvesting losses and reduce working efficiency. Why such lodging of the seedlings occurs is unknown. It is thought that the seedling's own weight, the growing environment such as rain and wind after transplanting, and the accuracy of the seedling transplanter are possible causes. We therefore focused on the hypocotyl of the plug seedling given how soft it is and how susceptible it may be to damage from the weight of the cabbage. Additionally, the flexural rigidity of the hypocotyl-a mechanical characteristic indicating pliability-was measured and was considered in relation to parameters such as the length and diameter of the hypocotyl and the fresh weight of the seedling. Given that the hypocotyl is relatively soft and deflection may be large, numerical calculations with a large deflection equation were used to measure flexural rigidity. The results showed that the hypocotyl diameter and the seedling fresh weight in all cultivars increased more slowly later in the seedling stage, with the flexural rigidity of the hypocotyl increasing exponentially. It was inferred that Young's modulus increases in proportion to the number of days that elapse after the day of sowing, since the increase in flexural rigidity was greater than what would be proportional to the hypocotyl diameter in theory. Moreover, it was suggested that the cabbage plug seedling would not be easily lodged given its weight as the seedling grows.
Introduction
Several advantages are associated with cabbage cultivation. The cultivation time is short and specific crops need not be cultivated before and after cabbage cultivation in order to ensure an effective use of farm fields in large scale management (Amano, 2006) . Therefore, cabbage cultivation is preferable during the seasons not conducive to cereal farming. A cultivation system that involves the use of agricultural machinery has been established in order to improve the efficiency of cabbage cultivation. Thus, there is a need to discover a method for raising suitable seedlings that can be used with this machinery. Plug seedlings are easy to manage and exhibit good production ability; therefore, these are now being used instead of seedlings grown in soil beds.
One of the problems with plug seedlings is that adjacent plug seedlings are picked together by the seedling transplanter because the leaves spread considerably due to lodging. Cabbage stems that arise from the lodged seedlings are typically bent and lodged during growth, making them unfit for harvesting by machinery. This is one of the causes of harvesting losses and reduced efficiency (Karahashi et al., 1981) . The machinery used to harvest cabbages has a preprocessing unit that holds the stem and cuts it off under the cabbage head. Mechanical harvesting damages the cabbage head because the stem often bends. Harvesting losses when using machinery vary for different cultivars, but it has been reported that the percentage losses can range from 0 to 50% (Yoshiaki et al., 2008) .
Although little is known about how the stem bends, it is assumed that the cabbage stem may be deformed by factors such as rain, wind, its own weight, and interactions with adjacent plug seedlings during the seedling stage. In addition, the lodging of the cabbage stem usually occurs by the middle of the seedling stage (Nishimoto et al., 1996) . Therefore, the rigidity of the cabbage stem, especially that of the hypocotyl of the plug seedling, should be examined. Several studies have investigated the lodging of major crops such as wheat and rice by measuring the resistance force of the stocks (Kashiwagi and Ishimaru, 2004; Udagawa and Oda, 157 1967; Uemura et al., 1985) . Basically, crops or plants have individual morphological differences, so an index variable for the morphological properties of the material is necessary.
The lodging resistance of staple grains such as rice and wheat has been reported using several methods. The lodging resistance of crop stalks was examined using a spring balance scale (Matsuo et al., 1986; Uemura et al., 1985) , and the varietal differences in the physical properties (flexural rigidity, flexural stress, moment of force, etc.) of crop stalks were investigated by carrying out the common three-point bending test (Ohkawa and Ishihara, 1992) . In most studies involving the measurement of the physical properties of plants, the plant stem was observed to bend considerably. Despite this, the deflection theory that assumes a minute deflection similar to that in metallic and wooden materials in building construction was used. On the other hand, Hirai et al. (2002 Hirai et al. ( , 2003 applied a large-deflection theory to the lodging of wheat stalks and proposed the measurement of flexural rigidity to indicate the pliability of crop stalks. In this study, flexural rigidity of the plug seedling hypocotyl was determined by applying Hirai's method.
We therefore focused on the hypocotyl of the cabbage plug seedling during the seedling stage because it is soft and bends easily. Additionally, the flexural rigidity of the hypocotyl-a mechanical characteristic indicating pliability-involves the length and width of the material (the hypocotyl), and must be measured. The three-point bending test was carried out to measure the flexural rigidity of the hypocotyl. In that test, given that the hypocotyl is relatively soft and deflection may be large, numerical calculations with a large deflection equation were used to measure flexural rigidity. The flexural rigidity is specific to each cultivar and depends on the cross-section of the material. In this study, several morphological properties and the flexural rigidity were measured in order to examine the mechanical characteristics of the cabbage seedlings for four different cultivars.
Materials and Methods

Materials
The cabbage cultivars 'Matsunami', 'YR Fuyukei' (Ishii Seed Growers Co., Ltd., Shizuoka, Japan), 'Tamaki 155' (Nozaki Saishujo Co., Ltd., Nagoya, Japan), and 'Irodori' (Kaneko Seeds Co., Ltd., Maebashi, Japan) were used in this study. In order to eliminate the influence of rain and wind, the cabbages were grown in a clear polycarbonate greenhouse with a controlled temperature in the experimental fields of Mie University. The seedlings were grown in plug trays (128 holes, cell size 30 × 30 × 45 mm) using commercially available soil and vermiculite for raising seedlings for 35 days after sowing. Watering at the base of each seedling was performed each morning and liquid fertilizer (HYPONeX N : P : K = 6 : 10 : 5, Hyponex Japn Co., Ltd., Osaka, Japan) was applied once a week. Three experimental materials per cultivar were sampled randomly from the plug tray once every three days after 10 days of sowing. The length and diameter of the hypocotyls and freshweights above ground were measured. In addition to these items, flexural rigidity of the hypocotyls, as a mechanical property relating to seedling lodging, was measured.
Measurement of flexural rigidity
Flexural rigidity EI is expressed as a product of Young's modulus and the material's geometric moment of inertia. The Young's modulus for each material has a specific value, and the geometric moment of inertia is calculated at the cross-section of the material. However, the value of Young's modulus for the cabbage stem has not yet been reported. In addition, the cabbage stem (including the hypocotyl) does not have a uniform longitudinal cross-section. Therefore, we measured the flexural rigidity of the cabbage hypocotyl directly.
In material mechanics, the deflection equation of a simple-supported beam ( Fig. 1 ) loading in the middle and deforming a large deflection is expressed as follows (Timoshenko, 1957 ):
x, y: Horizontal and vertical displacement, mm EI: Flexural rigidity, N mm 2 P: Vertical force, N L: Distance between the supporting points, mm where, the x-y coordinate origin is at the left supporting point of the beam. The hypocotyl was set up as shown in Figure 1 and was bent forcibly and continuously at the middle of the hypocotyl (x = L/2) by using the material testing machine (MX-500N, Imada Co., Ltd., Toyohashi, Japan) at a speed of 100 mm/min. The reaction force data P i were measured by the load cell (DPU-5N, IMADA Co., Ltd., Japan) and were recorded on acomputer (CF-Y4, Panasonic Corp., Osaka, Japan) through the amplifier (FA Plus, Imada Co., Ltd.) with the distance data y i of the testing machine. The flexural rigidity EI was determined by the nonlinear least-square method from the results data P i and y i . The program Flexural rigidity of the hypocotyl was measured by regarding the hypocotyl as a beam.
flowchart for determining flexural rigidity is shown in Figure 2 . The initial value of flexible rigidity EI 0 was decided by using the approximate expression for small deflection (dy/dx = 0 in the above equation). Therefore, in this numerical calculation, the fact that the calculated value of flexible rigidity is not the optimal value, but a local minimum value, could be ignored because the initial parameter of flexible rigidity EI 0 is not very different from the true value EI. Besides, the deflection y cal of the middle of the hypocotyl (x = L/2) was calculated by the Rung-Kutta method (Hirata et al., 1995) from the above equation.
Verification of the measurement system for determining flexural rigidity This measurement system was verified by using a piano wire (Young's modulus: 196~216 GPa; crosssection shape: round; diameter: 0.0009 m; flexural rigidity: 6.27 × 10 −3~6 .91 × 10 −3 N m 2 ) whose material constant was known and which was bent to a great extent given its softness. The flexural rigidity EI calculated from the initial value EI 0 which was 10.3 × 10 −3 N m 2 was 6.2 × 10 −3 N m 2 . Consequently, it was recognized that this measurement system was appropriate for determining flexural rigidity.
Results and Discussion
In terms of the length of the hypocotyls (Fig. 3) , there was almost no variation during the measurement for any of the cultivars. The average length (Table 1) (Table 1) , 'Matsunami' was 0.07, 'Tamaki 155' was 0.11, 'Irodori' was 0.09, and 'YR Fuyukei' was 0.13. The hypocotyl length of 'YR Fuyukei' varied compared with the others. Yoshiaki et al. (2008) reported that the longest stems under the cabbage head after harvesting are found in 'Tamaki 155', 'Matsunami', 'YR Fuyukei', and 'Irodori'. It is not widely recognized that there is a good correlation between the length of the hypocotyl at the seedling stage and the stem after harvesting.
The diameter of the hypocotyl in 'Tamaki 155' grew at a slower rate and that of 'YR Fuyukei' grew faster (Fig. 4) . Moreover, all cultivars grew at a slower pace from the 20th day after sowing, approximately. Similarly, the fresh weight-except those for 'YR Fuyukei'-increased more slowly later in the seedling stage as Fig. 2 . The flow chart used to compute the flexural rigidity of the cabbage hypocotyl. This novel flow chart program was produced for this study. In the program, flexural rigidity is computed by the value of the deflection and the load obtained by the threepoint bending test. Fig. 3 . The hypocotyl lengths measured once every three days after 10 days from sowing.
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shown in Figure 5 . These results agree with several studies reporting growth suppression due to rootrestrictions from other plants (Ismail and Davies, 1998; Peterson et al., 1991) . Each plug tray has a small volume, so the root growth of the cabbage seedling becomes saturated as the seedling grows. For this reason, we considered that the growth of the aerial part would be limited. Although cabbage seedlings are generally grown in plug trays for about 25 days, this measurement was conducted for a relatively longer period of time. However, the suppression of the fresh weight's growth began later than that for the diameter. It has been reported tomato seedlings left in plug trays beyond the appropriate day for transplanting do not gain in height, although the number of leaves continues to increase (Suganuma and Iwase, 1993) . Additionally, the number of leaves and the foliage weight denoted the same growth (Suganuma and Iwase, 1992) . Therefore, it was considered that the fresh weight continued to increase after limiting hypocotyl growth in cabbage seedlings. Joseph et al. (1994) reported that plant heights differed between the lines in the first 5 weeks after seeding, although the dry weights of the tomato seedlings did not differ. In this measurement, the fresh weight results (Fig. 5) show that the varietal differences relating to both length and diameter were not confirmed, although this measurement obtained the fresh weight, but not the dry weight. The flexural rigidity increased exponentially and varied widely late in raising the seedlings. Additionally, the varietal differences were not confirmed as show in Figure 6 . Flexural rigidity is expressed as a product of Young's modulus, which is the specific value of a material and the geometric moment of inertia, calculated at the cross-section of a material. For example, when the target material is a subcolumnar object, the geometric moment of inertia is proportional to the fourth power of the diameter. The flexural rigidity is proportional to the hypocotyl diameter to about the fourth power. The relationship between the diameter R and the flexural rigidity EI is shown in Figure 7 as a common logarithmic plot. Although a good relationship between them was recognized, the flexural rigidity was proportional to about 5.6 to 7.1 powers to the diameter (The approximate curves are as follows; 'Matsunami' log EI = 6.394 log R + 0.194; 'Tamaki' log EI = 7.1451 log R + 0.187; 'Irodori' log EI = 5.649 log R + 0.157; 'YR Fuyukei' log EI = 5.918 log R − 0.062). Moreover, flexural rigidity continued to increase after 20 days, with slower-paced growth in the diameter of the hypocotyl. It was suggested that Young's modulus increases not in proportion to a constant, but to the number of days that elapse after the day of sowing. Mechanical properties of plants are related to cell-wall polysaccharides such as cellulose and lignin (Yamaguchi, 1999) . Kono and Takahashi (1961) reported the same features in relation to the strength of rice stalks. It is common knowledge that a plant body largely consists of many polysaccharides. As the polysaccharide content changes-as it does in seedling growth-Young's modulus increases as the number of elapsed days increases. In other words, the hypocotyl is hardened by the death of cells. That explains why flexural rigidity increases in proportion to higher than the fourth power of the diameter. In the theory of material mechanics, there is a linear relationship between flexural rigidity and load when the deflection of a beam is constant. Whilst the fresh weight of cabbage seedlings grew linearly, the exponential growth of flexural rigidity was greater. A cabbage seedling is hard to lodge given its weight as the seedling grows. By calculating flexural rigidity, the deflection of the seedling could be calculated from the acting force of its own weight and the wind, enabling the cause of lodging to be determined. Additionally, and based on the information relating to hardness and lodging of the seedling, in the future it will be necessary to have an indicator for lodging resistance using morphological parameters such as diameter and length.
